Resistance to all first-line antibiotics necessitates the use of less effective or more toxic "reserve" agents. Gramnegative bloodstream infections (GNBSIs) harboring such difficult-to-treat resistance (DTR) may have higher mortality than phenotypes that allow for ≥1 active first-line antibiotic.
MDR and XDR infections have not consistently been associated with different patient outcomes [7, [9] [10] [11] .
A practical approach to antimicrobial resistance in GN bacteria might focus on treatment-limiting resistance to all first-line agents, that is, all β-lactams, including carbapenems and β-lactamase inhibitor combinations, and fluoroquinolones, which can be described as difficult-to-treat resistance (DTR). Although strains susceptible to only 1 or 2 first-line agents also present challenges for choosing empiric therapy, DTR signifies no active first-line agents and an even higher level of resistance. Nonsusceptibility to all first-line, high-efficacy, low-toxicity agents very often leads to both discordant empirical regimens and subsequent reliance on less effective and/ or more toxic "reserve" agents. For example, aminoglycosides and colistin/polymyxin-B are both nephrotoxic and poorly penetrate abdominal and pulmonary sites. Tigecycline blood levels are low relative to minimal inhibitory concentrations, and tigecycline use is associated with increased mortality rates [12] [13] [14] .
GN bloodstream isolates are an important surveillance target for monitoring resistance, because cultures from nonsterile sites are less likely to represent true infections [15] . Using data from a well-distributed sample of US hospitals, we determined the 5-year prevalence of DTR among GN bloodstream infections (GNBSIs), associated risk factors and the effect of nonsusceptibility to first-line agents on in-hospital mortality rates.
METHODS

Data Source and Study Population
A retrospective cohort study was conducted using inpatient encounters (hospitalizations) from 2009to 2013 at 173 US hospitals reporting microbiology data with antimicrobial susceptibility results in the Premier Healthcare Database. Included patients had ≥1 blood culture isolate belonging to 1 of 5 GN bacterial taxa: Escherichia coli, Enterobacter spp., Klebsiella spp., P. aeruginosa, or A. baumannii complex. The Office of Human Subjects Research at the National Institutes of Health waived the need for institutional review board evaluation, because analyses were limited to existing deidentified data using a commercially available data source compliant with the Health Insurance Portability and Accountability Act.
DTR Definition and Relationship to CDC-defined Resistance Phenotypes
Experts in infectious diseases, critical care, microbiology, and epidemiology developed DTR consensus criteria for each bacterial taxon of interest (Table 1) . A similar classification of resistance to the 4 major antibiotic classes (penicillins, cephalosporins, carbapenems, and fluoroquinolones) was previously published by the Robert Koch Institute as part of German infection control guidelines [16] . Susceptibility results for ≥1 carbapenem, ≥1 extended-spectrum cephalosporin, and ≥1 fluoroquinolone were required to determine DTR status. CDC surveillance definitions were also used to classify isolates into individual resistance phenotypes: carbapenem resistant (CR), extended-spectrum cephalosporin resistant (ECR) or fluoroquinolone resistant (FQR) [17] . The relationship between DTR and MDR, XDR, and pandrug-resistant categories is schematically represented in Figure 1 but not analyzed further. Susceptibility interpretations were as reported by each institution; individual institutional standards around susceptibility testing were not available (see Supplementary Methods).
Study Design and Analysis
The prevalence of CR, ECR, and/or FQR was estimated from total GNBSIs with requisite susceptibility testing for that respective drug category. DTR prevalence estimates used several denominators: isolates with any susceptibility results, isolates from hospitals with continuous reporting, and isolates meeting minimum testing criteria. Isolates could contribute to estimates for >1 resistance category. A GNBSI episode encompassed all isolates of the same bacterial taxon within a 30-day period. Healthcare-associated DTR was defined as any GNBSI occurring >3 calendar days after hospital admission, or earlier in patients from a healthcare facility and/or receiving hemodialysis. Comorbid conditions and source of bacteremia were defined using International Classification of Diseases, Ninth Revision coding and the Elixhauser index [18] (Supplementary Table 1 ). The outcome was adjusted for the predicted mortality risk using the 3M All Patient Refined Diagnosis Related Group risk of mortality assignments [19] . Administration of reserve agent categories (aminoglycosides, colistin/polymyxin B, and tigecycline) and prevalence of aminoglycoside nonsusceptibility (intermediate/resistant) were compared across resistance phenotypes; the burdens of coresistance were compared across taxa. Univariate and multivariable mixed-effect models were developed used modified Poisson regression with log-link function and robust error variances, controlling for facility-level random effects, to estimate adjusted relative risk (aRR) and 95% confidence intervals (CIs) for factors significantly associated with GNBSIs with DTR (see Supplementary Data for full results) and in-hospital mortality. Separate models were developed to estimate the independent effects of resistance phenotype and the number of active first-line categories available on mortality risk. Multivariable models were adjusted for patient-, organism-, and hospital-level characteristics (covariates listed in the Supplementary Methods), for continuous reporting (see Supplementary Table 2 for hospital reporting patterns), and for previous episodes of bacteremia. Interactions between resistance phenotype and taxa or source of bacteremia were evaluated, as was possible multicollinearity. Among highly correlated variables (r > 0.8), those with the maximal effect on outcome were retained. Significance was assessed at the P < .05 level. Analyses were performed using SAS software (version 9.4).
RESULTS
Prevalence of DTR
At 173 institutions from 2009 to 2013, a total of 46 521 GNBSI isolates of interest were identified, spanning 45 011 unique episodes and 29 474 unique patients ( Figure 2 ). Of these, 471 GNBSIs (1.0%) exhibited DTR, compared with 1048 (2.3%) for CR, 4165 (9.0%) for ECR, and 10 240 (22%) for FQR ( Figure 3) . Characteristics of the 29 474 unique patients with GNBSI, 21 410 with nonresistant phenotypes, are presented in Table 2 and the Supplementary Data. The DTR prevalence was 1.1% when limited to hospitals with continuous reporting (n = 42). Among GNBSIs with minimum susceptibility testing, the prevalence was 1.5% (471 of 31 719) overall and 2.5% (336 of 13 445) among intensive care unit encounters. The prevalence of GNBSIs displaying DTR varied considerably across taxa, ranging from 0.04% for E. coli to 18.3% for A. baumannii ( Figure 3 ). P. aeruginosa had a CR/DTR prevalence ratio of 4.5, reflecting the underlying susceptibility of many CR isolates to piperacillin-tazobactam (85.1% susceptible) and/or aztreonam (49.5% susceptible). Prevalence differences between CR and DTR were smaller but still significant for Klebsiella spp., Enterobacter spp., Figure 1 . Schematic relationship between difficult-to-treat resistance (DTR) and Centers for Disease Control and Prevention (CDC)-defined coresistance phenotypes. As represented in this figure, DTR isolates fall completely within the CDC-defined multidrug-resistant (MDR) phenotype and overlap with the extensively drug-resistant (XDR) phenotype. Although pandrug-resistant (PDR) organisms all fall within the DTR phenotype, the DTR definition introduced here offers more clinical utility, in that it requires resistance only to all first-line agents, instead of all antimicrobial agents available. (Note that proportions of overlap among coresistance phenotypes are not displayed to scale. Refer to Magiorakos et al [6] for CDC definitions.) Figure 2 . Flowchart showing selection process for inpatient encounters with gram-negative bloodstream infections (GNBSIs) exhibiting difficult-to-treat resistance (DTR) in the Premier Healthcare Database. To estimate DTR prevalence, all inpatient encounters reporting microbiology and in vitro antimicrobial susceptibility results were included if patients had ≥1 blood culture isolate belonging to 1 of 5 gram-negative bacterial taxa (see Methods). A GNBSI episode comprised all isolates of the same bacterial taxon within 30 days, and prevalence was calculated among episodes that met minimum testing requirements for DTR. For risk factor and outcome analysis, the most resistant phenotype from the last inpatient encounter was selected, given its proximity to the last known outcome for a given patient. Abbreviations: CR, carbapenem resistant; ECR, extended-spectrum cephalosporin resistant; FQR, fluoroquinolone resistant.
and Acinetobacter spp. (P < .005). CR P. aeruginosa was nearly twice as likely to be susceptible to ≥1 alternative first-line category as CR isolates in other taxa ( Figure 4A ).
The 173-hospital sample resembled geographic and teaching status distributions in the American Hospital Association annual survey but was weighted toward larger hospitals (Supplementary Table 3 ). Ninety-two (53%) hospitals distributed across all 9 US census divisions had ≥1 GNBSI episode displaying DTR (Figure 4B and Supplementary Table 2 
Impact of DTR
Of 29 474 patients with GNBSI, 3161 (15%) died in the hospital or were discharged to hospice. There were 190 deaths (or discharges to hospice) among the 440 patients with GNBSIs exhibiting the DTR phenotype (unadjusted mortality rate in patients with DTR, 43%; see Supplementary Data for predictors of DTR). In comparison, the unadjusted mortality rate was 35% for CR (183 of 526 patients), 22% for ECR (609 of 2756), and 18% for FQR (795 of 4342). This hierarchical pattern of mortality (DTR > CR > ECR > FQR) was observed for each GN taxa evaluated (Table 2) . After adjustment for confounders, all resistant phenotypes remained individually associated with an increased mortality risk compared with nonresistant GNBSIs. Patients with GNBSIs and DTR had a 40% higher adjusted mortality risk than those with nonresistant GNBSI (aRR, 1.4; Figure 5A ), whereas DTR had a 20% higher adjusted mortality risk relative to CR (aRR, 1.2; 95% CI, 1.0-1.4; P = .02), ECR (1.2; 1.1-1.4; P = .001), and FQR (1.2; 1.0-1.4; P = .008) ( Figure 5B ). Taxon-level distributions of DTR encounters and mortality rates, as well as taxon-specific crude and aRR of mortality are displayed in Figure 6A -6D. In sensitivity analyses exploring whether observed taxon-level resistance differences affected outcome, adjusted mortality risk was higher for DTR than for CR among patients with P. aeruginosa (P = .04). Enterobacteriaceae and A. baumannii had much fewer cases of CR not classified as DTR for this comparison and combined was not significant (P = .7; Supplementary Figure 3A and 3B). The adjusted risk of mortality for CR, ECR, and FQR was similar to nonresistant cases for P. aeruginosa (all not significant), but higher for Enterobacteriaceae and A. baumannii (P < .001 for all). As empiric validation of the DTR concept, the aRR of mortality increased in a graded fashion with the stepwise loss of active first-line agent categories. Compared with patients with 3-5 active antibiotic categories (3-4 for A. baumannii; Supplementary Table 6 and Figure 5B), those with only 1-2 categories had a 20% higher adjusted mortality risk (aRR, 1.2; 95% CI, 1.1-1.3 and P = .001) and those with none (ie, DTR) had a 40% higher adjusted mortality risk (1.4; 1.2-1.6; P < .0001). Multicollinearity was not observed between DTR and other variables included in the model; interactions among variables did not significantly influence the effect of DTR on mortality risk.
Patients with DTR had longer hospital stays than those with nonresistant GNBSIs (median [interquartile range], 14 vs 6 [4-11] days; P < .001). Aminoglycoside, tigecycline, and/or colistin/polymyxin-B use correlated with the degree of resistance ( Figure 7A) ; reserve agents were administered to 79% of patients with DTR, 47% with CR, 31% with ECR, 21% with FQR, and 15% with nonresistant phenotypes. Tigecycline was nearly 3-fold and colistin/polymyxin-B nearly 4-fold more likely to be administered in DTR than in CR GNBSIs. Of DTR isolates, 74% were nonsusceptible to gentamicin, 71% to tobramycin, and 54% to amikacin, all higher than among the CDC-defined phenotypes ( Figure 7B ). Of GNBSIs with susceptibility results for these 3 aminoglycosides (n = 28 259), 1% overall versus 33% of DTR isolates displayed class resistance. Only 14% of CR, 4% of ECR, and 0.5% of FQR episodes were resistant to all aminoglycosides. Adjusted mortality risk did not differ significantly between patients with DTR and those who simultaneously met criteria for all 3 CDC-defined resistance phenotypes (CR, ECR, and FQR) but otherwise had ≥1 active first-line agent (n = 176; P = .3). However, these patients still exhibited greater use of aminoglycosides (P = .04), tigecycline (P < .001), and colistin/polymyxin-B (P < .001).
DISCUSSION
DTR, nonsusceptibility to all first-line agents, is a clinically relevant resistance paradigm that emphasizes the loss of high-efficacy, low-toxicity treatment options. Whereas traditional f "Death" as discharge status includes discharge to hospice.
g "Other" includes discharge to home/self-care, left against medical advice, discharged/transferred to court/law enforcement, and still a patient/expected to return. definitions of coresistance are essential epidemiologic tools calibrated for surveillance, the DTR concept was developed for select GN taxa to reflect how resistance impacts antibiotic decisions at the bedside. Our analysis demonstrates how shared electronic health record-based information systems integrating microbiology and susceptibility results with patient characteristics can offer a meaningful avenue to understand real-world infections and the impact of antimicrobial resistance on a large scale. In this well-distributed cohort of US hospitals, 1% of GN bacteremia episodes were caused by DTR strains. Nearly 4 of 5 patients with DTR received reserve agents that are ordinarily avoided when first-line agents (ie, carbapenems, other β-lactams, and fluoroquinolones) are active. Aminoglycosides were the most frequently prescribed second-line agent for GNBSIs with DTR, yet one-third of DTR isolates were resistant to all 3 commonly available drugs in this class. Tigecycline and colistin/polymyxin-B were also used more frequently for DTR than non-DTR bloodstream isolates. When susceptible to other first-line agents, isolates classified as CR, ECR, or FQR all had a surprisingly similar impact on mortality. In contrast, the risk of death significantly increased in a stepwise fashion as the number of active first-line agent categories fell to 0, supporting the clinical relevance of the DTR concept. The 2015 White House National Action Plan for Combating Antibiotic-resistant Bacteria calls for reliable metrics to estimate the clinical impact of interventions to contain and decrease antibiotic resistance [20] . Seemingly specific traits, such as extended-spectrum β-lactamase and carbapenemase production, are heterogeneous entities that are difficult and costly to detect and characterize [21] . These labels may help track transmission and guide therapy but do not directly address the high frequency of coresistance [22] , which severely constrains treatment options. Global designations, such as MDR and XDR [6] , fill this gap somewhat, but, unlike DTR, they do not account for the efficacy and safety of available antibiotic options. For example, some XDR isolates of P. aeruginosa might be susceptible to levofloxacin or piperacillin-tazobactam. Likewise, highly resistant A. baumannii might be effectively treated with ampicillin-sulbactam. As such, XDR infections do not consistently result in worse outcomes than those caused by MDR isolates [7, [9] [10] [11] . More readily measurable than XDR, the DTR metric reflects how treatment-limiting resistance is understood and managed at the bedside, particularly with regard to the use of reserve agents. Although DTR is familiar to infection specialists, explicitly defining DTR will ideally lead to wider recognition among all providers, easier-to-use and more relevant resistance tracking, and improvements in both empiric and targeted treatment regimens.
GNBSIs can culminate in septic shock and death when antimicrobial therapy is delayed or inappropriate [23] . It is common practice to administer an empiric aminoglycoside when clinical decline is observed during treatment with first-line antibiotics. The high proportion of aminoglycoside resistance among DTR bloodstream isolates emphasizes the difficulty of choosing salvage antibiotics for clinical decompensation due to suspected resistance. DTR was associated with GNBSIs that were recurrent, polymicrobial, due to A. baumannii, of urinary or multiple potential sources, and/or in urban hospitals. Notably, the antibiotics received were not included in our models; the DTR profile implicitly represents scenarios with severe treatment constraints, and we intended to isolate the effect of such profiles on mortality risk. However, we did adjust for previous bloodstream infections to mitigate the impact of prior treatment for bacteremia on mortality.
The 2013 CDC national estimate of deaths attributable to antimicrobial resistance (6.1%) was derived from a single center and was an average for all antimicrobial-resistant infections [24] . However, efforts to determine the impact of resistance on bloodstream infection outcomes have been hampered by access to linked microbiology and patient-level data, as well as variable definitions and methods for underlying diseases, pathogens, and treatment-related factors [25, 26] . Falagas et al [27] pooled multiple small studies on CR Enterobacteriaceae and found an association with mortality.
In Enterobacteriaceae, CR is generally associated with resistance to other high-efficacy, low-toxicity agents and therefore indirectly overlaps with our concept of DTR. Compared with DTR episodes, however, CR episodes not exhibiting DTR (ie, with ≥1 alternative active first-line agent) were associated with Related Group risk of mortality assignment, infection site, intensive care unit stay, neutropenia, and ventilator use at the patient level; taxa/species, healthcare-associated status, culture day relative to hospital admission, and year at the organism level; and region, bed capacity, urban location, teaching status, and hospital indicator at the hospital level. A, The reference category was "all other isolates." The significance of differences between difficult-to-treat resistance (DTR) and the other phenotypes was also tested: DTR versus carbapenem resistant (CR), P = .02; DTR versus extended-spectrum cephalosporin resistant (ECR), P = .001; and DTR versus fluoroquinolone resistant (FQR), P = .008. lower reserve agent use, lower aminoglycoside resistance, and lower aRR of mortality. We observed a greater preponderance of active first-line alternatives to treat CR P. aeruginosa, compared with other taxa. Retention of more first-line agents for CR P. aeruginosa compared with other taxa may explain its relatively large survival advantage over DTR.
Similarly, GNBSIs due to MDR isolates empirically treated with appropriate antibiotics have not been associated with higher mortality rates [28] . A multicenter study of GNBSIs in European intensive care units using tracer phenotypes (ceftazidime resistance for A. baumannii and P. aeruginosa; third-generation cephalosporin resistance for E. coli) also did not show a significant effect of resistance on survival, possibly owing to retained susceptibility to other β-lactams and/or fluoroquinolones. Furthermore, first-line antibiotic options have been shown to mitigate the adverse impact of resistance on survival in gram-positive infections [29, 30] .
Owing to its simplicity and ease of recognition, our analysis of DTR should alert all providers to its serious implications, and ideally it will encourage infection specialists and clinical pharmacists to help direct and monitor the use of agents that less frequently used and more toxic and/or less effective. In addition to its patient management challenges, DTR is also a public health threat that contributes to antibiotic overuse, the international spread of plasmids, and the need for costly infection control measures in healthcare facilities.
A similar threat from XDR tuberculosis was foreseen by global leadership, and, despite its relatively low prevalence, XDR tuberculosis was incorporated into regional and global surveillance operations [31] . Although their overall burden is also low, GNBSIs displaying DTR was found in half of the hospitals in our sample across all 9 US census regions. For these reasons, the prevalence of DTR has important public health implications and might serve as a useful surrogate marker for the success or Figure 6 . Difficult-to-treat resistance (DTR)-associated mortality by taxon of bloodstream isolate. A, B, Taxon-specific distributions of DTR encounters (n = 440) (A) and deaths (n = 190) (B), respectively. C, Unadjusted mortality rates (in-hospital death or discharge to hospice). D, Estimates of adjusted relative risk of death from DTR obtained from taxon-specific models (reference category, encounters with susceptible gram-negative bloodstream isolates). The differences in adjusted relative risk of death among DTR Enterobacteriaceae, Pseudomonas aeruginosa, and Acinetobacter baumannii were not statistically significant (P ≥ .05 for all three 2-way comparisons). Note that there were only 10 encounters with DTR Escherichia coli, so the 3 taxa of Enterobacteriaceae are presented as 1 group to ensure better model fit.
failure of local and national measures aimed at controlling the spread of antimicrobial resistance.
Our study has several limitations. First, our cohort was derived from a convenience sample of hospitals, which may not be nationally representative. However, the included hospitals generally resemble US hospitals across a broad variety of characteristics. Second, we were unable to assess strain virulence or adequacy of source control and used encounter-level diagnostic codes for source of bacteremia, which may not necessarily represent the true source. Third, despite controlling for a wide range of related variables, residual confounding for severity of illness may still exist; as expected from other studies, more resistant strains in our study occurred in patients who were sicker at baseline.
Fourth, we are unable to comment on long-term outcomes or the generalizability of our estimates to non-US regions.
Fifth, we were unable to report on trends in DTR due to breakpoint changes and their piecemeal implementation at different hospitals. Testing practices varied across hospitals, potentially biasing the results of our classification system. Sixth, though DTR can be readily applied to other pathogens and infection sites, the classification scheme requires periodic revision as new antibiotics become available and patterns of resistance change. For example, future studies will need to incorporate recently approved agents (ceftazidime-avibactam, ceftolozane-tazobactam, and meropenem-vaborbactam) into the matrix used here for defining DTR. As such, DTR is not a fixed phenotype but rather a flexible framework that will evolve with pathogens and our armamentarium for combating them.
In conclusion, DTR is a novel classifier of antimicrobial coresistance that integrates the impact of resistance on antibiotic choices and the effect of these choices on clinical outcome. This epidemiologic tool reflects the bedside management challenge of treating GN bacterial infections resistant to all first-line antibiotics. One percent of GNBSIs exhibit DTR, that is, resistance to all carbapenems, other β-lactams, and fluoroquinolones. These highly resistant strains are encountered in hospitals across the United States. As a category that considers the count, efficacy, and toxicity of available antibiotics, DTR more fully encompasses key aspects of antimicrobial resistance that affect mortality risk.
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